A B S T R A C T Calcium, phosphorus, sodium, carbonate, magnesium, and hydroxyproline were measured in iliac crest biopsies of 22 normal volunteers and 24 selected patients with renal osteodystrophy. Histologic classification revealed that 10 were mildly abnormal, 8 osteomalacic, and 6 osteofibrotic. Bone density measurements were performed on an additional 12 normal, 11 mildly abnormal, 6 osteomalacic, and 10 osteofibrotic subjects. The results revealed an increase in magnesium and a decrease in carbonate apparent in the minimal and osteomalacic lesions and a much greater change in osteofibrosis. The bone density was decreased in patients with osteofibrosis. These observations would appear to be explained by postulation of an impairment of the normal maturational process of bone whereby there is an increase in amorphous calcium phosphate and a decrease in apatite crystal. The data suggest that the maturational defect is present as soon as any abnormality can be identified histologically, is present to the same degree in osteomalacia, and is most severe in osteofibrosis. In comparison of two sets of six patients matched for age and duration of dialysis, neither acidosis nor vitamin D therapy appeared to influence the severity of the maturational defect.
INTRODUCTION
It has been demonstrated in rats that uremia results in a maturational defect in both collagen (1) and bone mineral (2) . The failure to prevent this lesion by vitamin D therapy (2) has implied that this lesion was associated with secondary hyperparathyroidism or some as yet unidentified defect related to the accumulation of uremic toxins.
The present study identifies a decrease in bone carbonate and an increase in bone magnesium in all patients biopsied. These abnormalities are interpreted to be similar to the maturational defect found in rats. It
Received for publication 12 June 1973 and in revised form 20 August 1973. is most severe in osteofibrosis, where it is associated with decreased density and appears to be uninfluenced by the degree of acidosis or by vitamin D therapy.
METHODS
All patients had chronic renal disease of long standing; 22 of 24 had been on repetitive hemodialysis for from 2 mo to 5O yr. Bone biopsies were taken 1 cm and 2 cm from the anterior superior iliac spine with an electric core drill' yielding a longitudinal biopsy approximately 0.4 cm in diameter and over 1 cm in length, with a cortical strip of varying depth at one end.
Each biopsy was sliced in half, the spicular portion being placed in 10%o buffered formaldehyde solution for the histological study and the spicular-cortical half weighed immediately and placed in 1:1 petroleum-ethyl ether solution for chemical analysis. After 3 .4%, significantly decreased from normal, P <0.01, and also from the malacic group, P < 0.01 (Fig. 2) . Table III (6) . Transformation of ACP to HA progresses with age. In growing rat bone, a 70% ratio of ACP to HA at 8 days decreases to approximately 36% ACP at 60 days and thereafter (7) . This declining ratio of ACP to HA is also characterized by an increasing Ca/P ratio (7) and an increased bone density (8, 9) . The physical characteristics of this maturation process result in a progressive increase in crystal surface fluid interface because HA crystals are needle-shaped in contrast to the spherical shape of ACP (10) , and because the mean crystal size increases until 40 days of age (11) . Comparison Patients were matched by age and duration of dialysis.
HA has 2-4 times the surface area, reflecting differences in geometry and particle size (12) . Coincident with bone crystal maturation is the cellular elaboration of collagen. This collagen matrix has decreased solubility as it becomes mineralized (13, 14) .
While there is presently no direct evidence regarding the carbonate content of ACP, indirect evidence implies that a higher ratio of ACP to HA is associated with a decrease in carbonate content. As previously noted, the normal aging process is associated with decreasing ACP and increasing HA. In studies of mineral maturation in the chick embryo, a corresponding progressive increase was seen in bone carbonate from 0.6 mmol/g ash at 9 days to 1.38 mmol/g ash at six mo (15) .
Magnesium is known to stabilize ACP and to inhibit the formation of HA in vitro (16) . Perhaps more important to the interpretation of the increased Mg herein reported is that it has been found to be surface-located in relation to crystal lattice (17) . Mg content has not been studied as a function of bone maturation.
In the uremic state there is considerable evidence of altered bone metabolism. In in vitro studies of bone from patients with uremia, increased 02 uptake, lactate production, and bone formation resorption have been observed (18) . In rats with chronic renal insufficiency a maturational defect has been characterized as an increase in soluble collagen and a decrease in bone density (1, 2) . In studies of human necropsy material, decreased bone carbonate (19) , Ca/P ratio (19, 20) , and decreased bone density (19) have been reported. Since the advent of atomic absorption, increased Mg has been reported in necropsy material (21, 22) , but contrary to our findings, normal Mg has been reported in biopsy material (23) .
It thus appears that in necropsy material (19) , and now in our biopsy material, a progression of renal osteodystrophy is associated with decreasing carbonate content. This information does not imply that the complexity of the bone carbonate decrease is resolved. For many years it has been known that acidosis can reduce bone carbonate (24, 25 The data herein reported would appear to identify in human biopsy material the existence of a maturational defect previously found only in growing rats (2) . These data extend the characterization of the maturational defect to include a decrease in carbonate and an increase in magnesium. The Mg increase could be solely the consequence of the presumed increase in surface area; however, the only evidence for such a speculation is its known concentration in the hydration shell around apatite crystals (17) .
The histologic correlation with the maturational defect appears to be good. The lesser increases in RBF and resorption seen in the mild lesion are associated with smaller changes in bone CO3 and Mg. The very high RBF and resorption seen in osteofibrosis are associated with the most severe alteration of bone CO8 and Mg and with a reduction in bone density.
Evidence as to the role of vitamin D deficiency in production of the maturational defect is conflicting. In rats fed a diet deficient in vitamin D the ACP content is increased and Ca/P ratio decreased (6) . Yet in studies in uremic rats vitamin D therapy failed to influence the maturational defect (2) , while in our biopsy data vitamin D therapy appeared to increase Ca/P ratios, but did not influence bone CO3 or Mg.
The remaining known factor in renal osteodystrophy is hyperparathyroidism. The correlation of osteofibrosis with both hyperparathyroidism (27) and with the severity of the maturational defect is striking. Also, it seems likely that all of our patients have hyperparathyroidism (28, 29) . However, the question of whether the maturational defect described in rats (1, 2) and now in humans can be ascribed solely to hyperparathyroidism must remain unanswered at present. A possible alternative or additional factor from the accumulation of urenmic toxins may well have as yet undescribed effects on bone cellular metabolism.
